also retains the ability to bind and hydrolyze nucleoside triphosphates (Guo et al., 1999) . Interestingly, although this protein has lost the ability to hexamerize, it forms helical filaments that are highly reminiscent of those formed by RecA (Story and Steitz, 1992). By examining the gene 4E filament down the screw axis, a model was proposed for hexamer formation that involved the N-terminal region of the protein fragment.
Although structural studies of the T7 gene 4E helicase have revealed details about the protein fold, we know little about the physical basis for coupling nucleotide binding and hydrolysis to the DNA-unwinding activity. Biochemical studies of hexameric 5Ј-3Ј helicases have shown that NTP binding and hydrolysis are highly cooperative processes (Bujalowski and Klonowska, 1993; Hingorani and Patel, 1996; Stitt and Xu, 1998) have now determined the crystal structure of the 4D fragment at 3.0 Å resolution. The structure of the hexameric protein shows unexpected deviations from sixfrom the molecular replacement model were then used fold rotational symmetry, suggesting a mechanism for to to determine the positions of heavy atoms in a gold sequential hydrolysis of bound NTPs. Further evidence derivative (see Experimental Procedures). It was immefor this mechanism is provided by the structure of a diately evident from these difference electron density complex of the protein with a nonhydrolyzable analog maps that a second set of gold sites was present, correof ATP (ADPNP) that binds to only a subset of the possisponding to another hexamer in the crystal. The coordible ATP binding sites in the hexamer. The model also nates of the gold sites were used to map the NCS operasuggests a mechanism for ssDNA translocation.
tors relating the first hexamer to the second. Rigid body refinement was then used to determine the positions of each molecule more accurately. At this stage, the Results and Discussion molecular replacement solution was confirmed by locating the heavy atom sites in three derivatives using Structure of the Hexamer Using the 4E fragment structure as a model (Sawaya et phases calculated from the model coordinates, and checking that these sites (11 gold, 52 selenium, and 6 al., 1999), the orientation and position of the equivalent regions of the 4D hexamer were determined by molecutungstate) were the same in each subunit. This initial model revealed how the closed, ringlar replacement. The positions of three subunits of a hexamer were located initially and found to form one shaped hexamer is assembled (Figure 1) , which, in general terms, was much as predicted from the structure half of a hexamer, with the other half related by a crystallographic two-fold symmetry axis. Phases calculated of the 6 1 -screw filament structure determined for the gene 4E fragment (Sawaya et al., 1999) . The fold of each subunit is similar, with the N terminus of the polypeptide chain beginning on one face of the ring and the C terminus on the other. The subunit interface is stabilized by interactions between an ␣ helix in the N-terminal region (residues 271-280) and an adjacent subunit. However, the T7 4D helicase forms stable hexamers, unlike the 4E fragment, which is 31 residues shorter. The additional N-terminal extension of the 4D fragment includes a ␤ strand along the edge of a sheet (residues 265-267), but the remainder of this region of the structure (residues 241-260) is poorly ordered in the crystal structure. The T7 gp4 helicase and other 5Ј-3Ј ring helicases have a preference for forked DNA substrates with two single-stranded tails of sufficient length to allow the protein to assemble on the DNA and begin unwinding the duplex ( and the region adjacent to this loop as playing a role in hexamer stabilization. This loop contributes to a contact region between subunits that is not formed in the 4E a consequence of slightly differing orientations of the structure and probably explains why this region is better monomers around the ring indicating the conformational ordered in the 4D protein.
flexibility that is a feature of the hexamer. However, the variability between crystals relates to very small changes in subunit orientations (less than 2Њ) particularly when Asymmetry of the Hexamer Given that the protein comprises six identical protein compared to the large distortions of the ring (up to 30Њ) that are discussed below. subunits, we anticipated that the hexamer would have the six-fold symmetry shown previously in electron miIn order to analyze the conformation that we observe, we first compared our structure with that of the sixcroscopy studies of the gene 4 proteins (Egelman et al., 1995) . However, when we undertook molecular replacefold symmetric ring model proposed for the T7 gene 4E fragment proposed previously (Sawaya et al., 1999) . ment with the 4E protein coordinates, the orientations of the subunits of the first hexamer indicated significant While this was clearly an approximation for a ring, we thought that it would at least give us a template against departures from the expected symmetry. The two independent hexamers both show similar departures from which to examine the conformational changes observed in our structure (see Figure 3) . However, our initial analysix-fold symmetry, despite their different packing contacts, suggesting that the conformation of the hexameric sis revealed that none of the two-fold related pairs of subunits were a good fit on those of the modeled ring. ring in the crystals represents a conformation that is of biochemical significance rather than simply a distortion Consequently, we instead prepared a six-fold symmetric ring based on the orientation of the "A" subunit. The due to crystal contacts. The nonisomorphism that we see between crystals (see Experimental Procedures) is relationship between the "B" subunits and equivalent of the active site due to filament rather than hexamer the final two sites, which undergo 30Њ rotations in the opposite direction. This has the consequence that these formation (Sawaya et al., 1999) . The other components of the nucleotide binding sites are similar in the two interfaces are displaced by 45Њ from the alignment that would be competent to bind nucleotide. The observation structures.
The asymmetry of the NTP binding sites has an imthat filaments are formed by the gene 4E protein (Sawaya et al., 1999), which is compromised in its ability portant implication. In order to create a site that is competent to bind NTP, there has to be a rotation of the to form hexameric rings, probably arises from the natural tendency of the subunits to associate with a 15Њ twist. subunits of the ring to allow a 15Њ displacement from a six-fold symmetric structure. However, if this rotation This also explains why nucleotide is able to bind at all of the sites in the filament. Similarly, the observation were to occur at every subunit interface around the ring, there would be a 90Њ displacement of the subunits at that RecA protein is also able to form both filaments and rings might be explained by this proposal (Yu and the final position. Evidently, this would not be possible, with the consequence that in order to allow for the 15Њ Egelman, 1997), as would the high proportion of "notched" and "lockwasher" images of Rho helicase relative rotation at a particular site there has to be an equal and opposite rotation at another site or sites. For that are observed by electron microscopy (Oda and Takanami, 1972; Gogol et al., 1991) representing rings that a six-fold symmetric ring, the strain is relieved evenly around the ring in the absence of bound nucleotide. have failed to close. Consequently, ring formation takes place with an energetic cost with regard to NTP binding However, on binding NTP, the rotation of subunits to make competent NTP binding sites sets up strain at the because there has to be distortion from six-fold symmetric ring contacts in order to be able to bind nucleotide. subunit interfaces. In the conformation that we observe, four subunit interfaces have the required 15Њ rotation, It is this energetic cost that gives rise to the negative cooperativity of NTP binding that is characteristic of ring but the strain this creates in the ring is absorbed by avidity for nucleotide. The loop of residues flanking R522 (K520-G525) also contributes to the edge of the nucleo-A Mechanism for Sequential Hydrolysis of NTPs It has been shown that hexameric helicases bind and tide pocket. These residues are displaced in the empty site, probably contributing further to the low affinity of hydrolyze NTPs in a highly cooperative manner. This property of the enzyme has been studied in detail for this site for nucleotide. We believe it to be likely that one of the pairs of sites, that which appears to have the the T7 and Rho helicases (Stitt, 1988; Hingorani and Patel, 1996; Hingorani et al., 1997; Stitt and Xu, 1998), lower occupancy (site A), most probably is set up to bind NDP ϩ Pi rather than NTP. With this simple assumpwhich has led to the proposal of a binding change mechanism for NTP hydrolysis that is generally similar to tion, we can propose a cycling of occupancy of the sites between NTP bound, NDP ϩ Pi bound, or empty in a that proposed for the F 1 -ATPase (Boyer, 1993; Abrahams et al., 1994). Although the apparent similarity beconcerted manner that could be coupled to the helicase activity of the protein (see below). tween a three-site binding change mechanism and that of F 1 -ATPase is seductive, there is a major difference A fundamental difference between the mechanism that we propose and the three-site model suggested between the two protein systems that needs to be considered. In both systems, there are potentially six NTP previously is that in our model all six of the potential active sites are utilized at some point during multiple binding sites, but in F 1 -ATPase only three subunits are catalytic due to the ␣ 3 ␤ 3 stoichiometry of the complex.
(processive) rounds of helicase activity, although a maximum of four sites have nucleotide bound at any one For hexameric helicases, with six identical subunits, time. In a three-site model, processive helicase activity only involves the same three of the six possible active sites once the initial (unexplained) selection of sites has been established. One advantage of the four-site model, therefore, is that there is no requirement for differential properties of identical polypeptide subunits.
Although studies of the biochemical properties of hexameric helicase proteins consisting of mixtures of mutant and wild-type subunits ought to help distinguish between these models (Notarnicola and Richardson, 1993; Patel et al., 1994), in practice such experiments are very hard to interpret. The complexity of the analysis required to estimate the proportion of each of the seven different heterohexameric species that would be present in a dynamic mixture of proteins is not straightforward even assuming that they are in free exchange, which is not the case in the presence of ssDNA (Patel et al., 1994) . However, these experiments are more revealing when considering the model for DNA translocation that is discussed below.
Interpretation of other biochemical evidence that might distinguish between three-or four-site models is also complicated. The basic features of the kinetics of ATP hydrolysis are that there are two high affinity active When the protein binds and hydrolyzes NTP, undergoStitt and Xu, 1998). The observation that stoichiometric binding of ssDNA to gene 4A protein is complete when ing the conformational changes described above, this could be coupled to ssDNA translocation as shown in two of the total of four molecules of dTMP-PCP are bound per hexamer (Hingorani and Patel, 1996 ) is also Figure 6 . In step I, ssDNA binds across adjacent subunits, spiraling over the inner surface of the ring to conconsistent with our model. Experiments involving heterooligomers of wild-type tact the DNA binding loops. At this stage, the leading subunit is the C subunit and the trailing subunit is A, and inactive mutant proteins show some interesting phenomena that are consistent with our model. The first, using the same notation as described previously. This conformation of the protein allows binding of nucleosurprising observation is that addition of a dTTPasedeficient mutant gene 4 protein actually increases the tides at four sites, two with NTP and two with NDP ϩ Pi. NTP hydrolysis triggers rotation of the subunits in dTTPase activity of the wild-type enzyme in the absence of a ssDNA cofactor (Patel et al., 1994) . However, by the plane of the ring, causing the ssDNA to be pulled through the ring by a lever action. Rotation of the subcontrast, it has been shown that addition of a dTTPasedeficient mutant protein will inhibit the dTTPase activity units displaces the loops by 6-7 Å along the axis of the hexamer, equivalent to about two bases along the of wild-type protein quite dramatically in the presence of ssDNA (Notarnicola and Richardson, 1993), particularly ssDNA strand. Simultaneously, as a consequence of the subunit rotations, the leading subunit (now the subunit with ssM13 DNA (Patel et al., 1994) . Furthermore, since the mutant protein can bind but not hydrolyze dTTP, to the left of C in the diagram) would bind to DNA, while the trailing subunit (now subunit B) would release the the degree of inhibition that is induced by a substoichiometric amount of mutant protein is greater than would DNA. The trailing subunit rotates by 15Њ but also undergoes a translation of about 5 Å in the plane of the ring be expected for a system in which only half of the sites in the hexamer ever need to be able to hydrolyze nucleoand away from the center, thus pulling down and back from the ssDNA to facilitate release. Thus, we arrive at tide (i.e., three-site model). These apparently conflicting results are explained by our model in the following way. the configuration shown in step II, where the conformational state of the complex would be identical to that in The stimulation of dTTPase activity occurs in the uncoupled dTTPase assay in the absence of ssDNA. Nucleostep I, except that the identity of the subunits has now altered. The cycle of changes would repeat to progress tide hydrolysis under these conditions is so dependent upon hexamer formation that it does not matter if some from step II to step III. Consequently, translocation can for how NTP binding and hydrolysis might be controlled around the helicase ring and how this could be coupled
